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The authors examined life-span differences in the maintenance of skilled episodic memory performance
by assessing 100 individuals (10–11, 12–13, 21–26, and 66–79 years old) 11 months after termination
of an intensive multisession mnemonic training program (Y. Brehmer, S.-C. Li, V. Mu¨ller, T. von
Oertzen, & U. Lindenberger, 2007). Skill maintenance was tested in 2 follow-up sessions, the first
without and the second with mnemonic reinstruction. Younger and older adults’ average performance
levels were stable across time. In contrast, both younger and older children’s memory performance
improved beyond originally attained levels. Older adults’ performance improved from the first to the
second follow-up session, presumably profiting from instruction-induced skill reactivation. Results
suggest that (a) skill maintenance is largely intact in healthy older adults, (b) older adults need
environmental support to fully reactivate their former skill levels (cf. F. I. M. Craik, 1983), and (c)
children adapt a skill learned 11 months ago to their increasing cognitive capabilities.
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Plasticity, or the tendency of organisms to alter their behavior in
response to environmental challenges, is present throughout on-
togeny (Baltes, Lindenberger, & Staudinger, 2006; Bialystok &
Craik, 2006; Li, 2003). In the domain of cognitive functioning,
many studies have shown that individuals’ performance can, in
principle, be influenced in a positive direction through intervention
and training; however, the scope and magnitude of plasticity vary
with age. Conceptually, Baltes and colleagues (Baltes, 1987;
Kliegl & Baltes, 1987) distinguished among three levels of cog-
nitive functioning: baseline performance, baseline plasticity (base-
line reserve capacity), and developmental plasticity (developmen-
tal reserve capacity). While baseline performance relates to the
initial performance level of individuals, baseline plasticity indi-
cates the extended performance range of individuals after inter-
ventions that allowed them to make use of additional resources
(e.g., performance-enhancing strategies or cues). Developmental
plasticity refers to the further extended performance range of
individuals after task conditions have been optimized to allow
them to fully activate and possibly expand their cognitive func-
tioning (e.g., extensive practice in strategy or cue utilization).
Experimentally, the levels and limits of individuals’ cognitive
plasticity, in particular in episodic memory, have mostly been
investigated in aging research with testing-the-limits procedures
(Baltes, 1987; Kliegl & Baltes, 1987; Kliegl, Smith, & Baltes,
1990) and gradually increased task difficulty levels (adaptive
training). It has been shown that cognitively healthy older adults
are able to acquire and utilize memory strategies (e.g., mnemonic
techniques) up to their 80s and that they improve their memory
performance through this form of contextual support, though the
amount of plasticity is greatly reduced relative to that of young
adults (Singer, Lindenberger, & Baltes, 2003).
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According to life-span theories, plasticity is a fundamental as-
pect of lifelong development. Its investigation permits discovery of
developmental trajectories of cognitive processes over the life span
and of how they are related to each other at different periods of
ontogeny (Baltes, Reuter-Lorenz, & Ro¨sler, 2006; Bialystok &
Craik, 2006). However, in most functional domains, including
episodic memory, plasticity in old age has rarely been directly
compared with plasticity in children.
In an earlier study (Brehmer et al., 2007), we investigated
memory plasticity in a life-span sample of 108 participants who
were 9–10, 11–12, 20–25, and 65–78 years old. All individuals
participated in a multisession memory training that included mne-
monic imagery instructions and testing-the-limits procedures to
minimize the influence of age differences in pre-experimental
knowledge on performance and to approximate individual differ-
ences in upper limits of skilled episodic memory performance.
Participants learned and practiced an imagery-based mnemonic
technique to encode and retrieve words by location cues. Two
main findings were obtained (see Figure 1). First, individuals in all
age groups improved episodic memory performance through mne-
monic instruction and practice, reflecting the presence of memory
plasticity in most periods of life. When the improvements are
expressed in standard deviation (SD) units of pretest performance,
average performance gains exceeded 1.5 SD units in all four age
groups. Second, older adults profited considerably less from prac-
ticing the mnemonic technique than did children and were even-
tually surpassed by children at posttest.
The results of the Brehmer et al. (2007) study are in line with
life-span theories (Baltes, Reuter-Lorenz, et al., 2006) that propose
children possess higher levels of plasticity than older adults. In
addition to tracing age-related similarities and differences in the
magnitude and relative amount of plasticity following cognitive
intervention, examination of whether the levels of skilled memory
performances acquired previously can be maintained over a longer
time period could help researchers to connect microgenetic vari-
ability with long-term changes and potentially also with ontoge-
netic changes, consequently deepening scientific understanding of
maturation, senescence-related changes, and learning across the
life span. In the present study, we extended the findings of Breh-
mer et al. (2007) by exploring life-span differences in the degree
to which skilled episodic memory performance is maintained over
time. For this purpose, we reassessed the participants of the orig-
inal study 11 months after the end of the first memory training
study.
Age Differences in Maintenance of Memory Skill
We must piece together the available empirical evidence on
life-span differences in memory skill maintenance from studies
that covered different age ranges and used different procedures.
We first discuss the available literature on children and then turn
to studies on plasticity from early adulthood to old age.
Childhood
Developmental research with children has tended to emphasize
the importance of meta-cognitive skills and higher order cognitive
processes; less attention has been paid to basic mechanisms of
learning and memory. However, recent work has addressed the
dynamic interplay between knowledge and basic processing mech-
anisms (e.g., Cowan, 1997; Nelson, 2002; Nelson, Thomas, & de
Haan, 2006; Siegler, 2000). Nevertheless, with some exceptions
such as working memory training in children with attention-
deficit/hyperactivity disorder (e.g., Klingberg et al., 2005), training
studies on memory plasticity and its long-term maintenance are
sparse. Instead, memory-training studies with children typically
examine maintenance of training effects over short intervals and
up to a few months (e.g., Bjorklund, Ornstein, & Haig, 1977;
Figure 1. Memory plasticity across the life span: Overview of results from the original study by Brehmer et
al. (2007) and the present follow-up study. The left part of the figure summarizes the results of the original study
by Brehmer et al. (2007). The right part of the figure summarizes the results of the present study that was
conducted after an 11-month time interval. Levels of memory performance refer to the number of words recalled
over log encoding times (recall/time scores) and are expressed in pooled pretest standard deviation units. For
young adults, the postinstruction scores of the original session cannot be interpreted because of ceiling effects;
all other scores are interpretable. Error bars indicate standard errors of the mean.
228 BREHMER ET AL.
Ferrara, Brown, & Campione, 1986). Also, most studies investi-
gated mnemonic strategies of relatively low complexity such as
rote rehearsal (Kennedy & Miller, 1976) or simple categorization
(Bjorklund, Schneider, Cassel, & Ashley, 1994; Schneider & So-
dian, 1988), predominantly in younger children (e.g., preschoolers
or first and second graders), without extensive training (e.g., Cox,
1994; Kurtz & Borkowski, 1984). A typical result from these
studies is that older children are more likely to adhere to the
instructed strategy and maintain postintervention levels of memory
performance than younger children (e.g., Bjorklund, Miller, Coyle,
& Slawinski, 1977; Lange & Pierce, 1992).
Episodic memory development and maintenance of memory
skills have been discussed in terms of efficiency and deficiency
concepts (for a review, see Bjorklund et al., 1997). Age-graded
improvements in episodic memory have been linked to basic
cognitive mechanisms, such as working memory capacity (e.g.,
Diamond, Briand, Fossella, & Gehlbach, 2004; Gathercole, Oick-
ering, Ambridge, & Wearing, 2004), executive functions (e.g.,
Davidson, Amso, Anderson, & Diamond, 2006), and processing
speed (e.g., Fry & Hale, 2000), and to higher order cognitive
abilities such as meta-memory (e.g., Schneider, 2000) and strategy
use (e.g., Siegler, 2002). Various aspects of maturational changes
in the prefrontal cortex, such as metabolic activity and myelination
(e.g., Chugani, 1994), neurochemistry (e.g., Diamond et al., 2004;
Nelson et al., 2000), and other anatomical changes (e.g., Sowell et
al., 2003) have been related to episodic memory development in
general and to skill maintenance in particular (e.g., Klingberg,
Forssberg, & Westerberg, 2002).
Though past research on memory plasticity in childhood is
rather heterogeneous in emphasis and scope, some recurring di-
mensions can be identified. These include children’s age, mainte-
nance duration, intensity of memory training, complexity of the
memory skill, and the extent of children’s meta-cognitive knowl-
edge. Furthermore, there is evidence suggesting that prefrontal
cortex maturation is closely linked to episodic memory develop-
ment in middle and late childhood, including various manifesta-
tions of memory plasticity.
Adulthood and Old Age
Adult age differences in plasticity of episodic memory perfor-
mance have been examined in training studies that combine mne-
monic instructions with several sessions of training and practice
(Anschutz, Camp, Markley, & Kramer, 1987; Ball et al., 2002;
Brooks, Friedman, Pearman, Gray, & Yesavage, 1999; Cavallini,
Pagnin, & Vecchi, 2003; Kliegl, Smith, & Baltes, 1989, 1990;
Lindenberger, Kliegl, & Baltes, 1992; Stigsdotter & Ba¨ckman,
1989; Yesavage & Rose, 1984). A general conclusion is that
episodic memory plasticity continues to be present in old age but
is greatly reduced in magnitude (e.g., Baltes & Kliegl, 1992;
Singer et al., 2003; Verhaeghen, Marcoen, & Goossens, 1992).
With respect to maintenance of memory skill, studies among
older adults have provided a mixed picture. Some studies have
reported long-term maintenance of intervention-induced memory
benefits over time periods up to 5 years (Ball et al., 2002; Der-
winger, Stigsdotter Neely, & Ba¨ckman, 2005; Stigsdotter Neely &
Ba¨ckman, 1993a, 1993b, 1995; Willis et al., 2006), while others
have reported findings suggesting a lack of skill maintenance
(Anschutz et al., 1987; Sheikh, Hill, & Yesavage, 1986). This
apparent inconsistency among relevant studies probably reflects
differences in stimulus materials, amount of training or practice,
statistical power, and sample characteristics (see Rebok, Carlson,
& Langbaum, 2007, for review).
Recently, Nyberg (2005) proposed that aging-related reductions
in memory plasticity including skill maintenance might reflect a
combination of processing and production deficits. Processing
deficits refer to reductions in task-relevant resources such as
working memory (Mitchell, Johnson, Raye, & D’Esposito, 2000),
attention and inhibition (see McDowd & Shaw, 2000, for review),
and processing speed (e.g., Salthouse, 1996) and are presumably
related to senescent changes in anatomy (e.g., Raz et al., 2005, in
press), neuromodulation (e.g., Ba¨ckman, Nyberg, Lindenberger,
Li, & Farde, 2006), and metabolism (Volkow et al., 2000). Pro-
duction deficiencies refer to difficulties in applying task-
appropriate strategies or cognitive operations to manage a given
memory task (Craik, 1983; Nyberg et al., 2003). Production def-
icits may reflect factors such as meta-cognitive style and motiva-
tion, which may be more amenable to cognitive intervention than
the factors underlying processing deficits (Bissig & Lustig, 2007;
Dunlosky et al., 2007).
This Study
The present study is a direct extension of the memory plasticity
study by Brehmer et al. (2007). Eleven months after completion of
the original Brehmer et al. (2007) study, 100 of the 108 individuals
who took part in the original study participated in two follow-up
sessions conducted to assess maintenance of skilled memory per-
formance. The first follow-up session assessed spontaneous main-
tenance of memory skill, without any renewed instruction in the
mnemonic technique. In the second follow-up session, participants
received mnemonic instructions prior to testing to assess mainte-
nance after experimenter-induced reactivation of task-relevant
strategies.
With the follow-up assessment, we aimed at examining whether
children and adults of different ages would differ in the degree to
which they were able to maintain the high levels of memory
performance attained 11 months before as a result of mnemonic
instruction and practice (see Figure 1). The study was guided by
two expectations. First, we expected children to improve their
memory performance over the 11-month time interval because the
continued maturation of neural correlates of mnemonic functions
(e.g., prefrontal cortex and its connectivity to mediotemporal brain
areas) would allow a more effective application of the previously
acquired and practiced memory strategy. Second, we expected that
levels of memory performance would remain stable in younger
adults, indicating the ability to maintain a formerly acquired,
well-trained skill over several months.
Regarding older adults, we assumed that older adults’ lower
levels of performance at the end of the original experiment pri-
marily reflected processing deficits, rather than production defi-
cits, because instruction and practice should have reduced the
influence of the latter. Given that a period of 11 months is a
relatively short time for senescent changes to be revealed in
task-relevant processing resources in early old age, we thus ex-
pected that older adults would show relatively few indications of
decline in memory skill.
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Method
Study Participants
Twenty-three younger children (aged 10–11, M  11.3 years),
27 older children (aged 12–13, M 13.4 years), 23 younger adults
(aged 21–26, M  24.1 years), and 27 older adults (aged 66–79,
M  69.3 years) participated in the study. All participants had
completed the multisession memory training described in Brehmer
et al. (2007). Of the 108 participants of the original study, 6
younger adults and 2 older adults dropped out for reasons of
relocation or poor health, respectively. All the children in the
original study participated in the follow-up study. Each participant
was paid a total of 22 euros for taking part in the two sessions of
the follow-up study.
Before individuals participated in the original memory training
study, we assessed their cognitive functioning using a psychomet-
ric test battery. The participants showed the expected life-span
dissociation between abilities in broad fluid (memory, perceptual
speed, and reasoning) and broad crystallized (verbal knowledge)
domains, with an inverted U-shape function for fluid intelligence
and a continuous age-related increase in crystallized intelligence.
To measure age-related changes in cognitive functioning at follow-
up, we applied two tasks of the original psychometric test battery.
Individuals’ broad fluid cognitive abilities were assessed with one
marker test of perceptual speed, Digit Symbol Substitution test,
and individuals’ crystallized abilities with one marker test of
verbal knowledge, Spot-A-Word test. Comparing the performance
on these two tests from initial assessment to follow-up, we found
that the general life-span trajectories of cognitive functioning were
maintained over time. At the same time, changes in performance
differed across the four age groups, suggesting performance im-
provements in children and stability in adults (see Table 1 for
details).
Memory Materials and Imagery Mnemonic
As reported in Brehmer et al. (2007), episodic memory perfor-
mance was assessed by cued recall of “location-word” pairs. Each
study list consisted of 16 location-word pairs. The same 16 generic
city locations (e.g., bakery, bus stop) used in the initial memory
training study were recycled as location cues in each word list. The
presentation order of location cues was randomized across lists
during encoding and retrieval. The to-be-recalled words were
taken from the pool of 413 highly imaginable words used in
Brehmer et al. (2007). Words had been selected from a larger pool
with the intent to minimize age differences in word knowledge
(see Brehmer, Mu¨ller, von Oertzen, & Lindenberger, 2004).
Each session consisted of six lists. Because we sought to exam-
ine whether maintenance was moderated by memory for previ-
ously learned materials, half of the word lists were “old” (i.e.,
words identical to the ones used at posttest in the original study
and presented at the identical location cues). The first three lists of
the first follow-up session were identical to the first three lists of
the posttest of the original training study (i.e., identical to-be-
learned words and identical word-location cue matching), while
the last three word lists consisted of new words (i.e., words that
had never been used before matched with the well-known location
cues). In the second follow-up session, the first three word lists
were identical to the last three word lists of the posttest of the
original study, while the last three word lists also consisted of new
words.1
In the memory training study, individuals were instructed in and
trained with a specific mnemonic memory strategy (and received
renewed instruction in the second follow-up session), which was a
modified version of the method of loci (MoL). In contrast to the
standard MoL, the location cues were presented randomly and
cued during encoding and retrieval phases throughout the experi-
ment. This manipulation was implemented to prevent the influence
of individual and age differences on the ability to accurately
retrieve serial-order information from long-term memory to epi-
sodic memory (e.g., Brown, Vousden, McCormack, & Hulme,
1999; Kausler, 1994). Furthermore, this randomized-cue approach
strengthened the associative processing at the level of individual
location-word pairs and thus maximized its relative contribution to
successful recall (cf. Werkle-Bergner, Mu¨ller, Li, & Lindenberger,
2006).
Procedures
In the following, the design of the present study is presented (see
Table 2), including a brief summary of the original training study
for completeness. However, only the posttest of the original mem-
ory training study is of relevance for the following analysis.
Original training study. The original study started with a
baseline assessment in which individuals were asked to encode and
recall word lists without further assistance. In the following two
sessions, individuals were instructed in and practiced with the
1Due to the fact that the old words were always used in the first three
lists and the new words in the last three lists of the two follow-up sessions,
we could not separate the effect of stimulus material from a position effect
(position of the lists within a session) by simply comparing the first three
with the last three lists. In general, the performance decreases across lists
within a session. Therefore, the mean of the last three lists will always be
lower than the mean of the first three lists, and the effects of stimulus
material and list position are always confounded. Thus, the present analysis







assessment Paired t test
M SD M SD M SD
Digital Symbol Substitution test
Younger children 42.5 6.0 50.5 9.0 5.87 p  .5
Older children 47.0 6.0 53.0 7.6 4.83 p  .5
Younger adults 70.0 7.1 72.1 4.7 1.78 ns
Older adults 44.7 7.0 45.4 7.2 0.80 ns
Spot-a-Word test
Younger children 5.6 4.4 8.0 5.4 3.54 p  .5
Older children 11.0 5.0 12.0 5.2 0.87 ns
Younger adults 21.0 4.7 21.7 5.3 0.92 ns
Older adults 27.4 3.8 27.4 4.3 0.15 ns
Note. Perceptual speed was measured by the Digital Symbol Substitution
test, and verbal knowledge was measured by the Spot-a-Word test (see
Lindenberger, Mayr, & Kliegl, 1993, for a detailed description of this test).
Within each age group, paired t tests were conducted to test for significant
performance changes between the initial assessment and the follow-up.
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modified version of the MoL. The instruction emphasized that
participants could form strong associations between location cues
and to-be-learned words by generating interactive images. In this
phase of the experiment, participants received a lot of support and
encouragement to ensure that they understood the instructions and
were able to utilize the mnemonic strategy (e.g., discussion of
image formation and retrieval, collaborative image generation,
assistance during recall, repetition and elaboration of instructions).
After postinstruction assessment (assessment of the benefits of
instruction on memory performance), participants accomplished
3–6 sessions of adaptive practice, in which task difficulty was
individually adjusted (cf. Kliegl & Lindenberger, 1993) until per-
formance levels had stabilized. Task difficulty was adjusted by
individually reducing the encoding time per word to maximize the
likelihood that a given individual would correctly recall 10 of 16
items (62.5% correct recall criterion) in the next list (see Brehmer
et al., 2004, for details and a numerical example of the adaptive
algorithm). The original training study ended with a posttest as-
sessment in which the amount of individuals’ developmental plas-
ticity was assessed.
Posttest assessment in original study. Individuals’ perfor-
mance in the last session of the original study served as the
reference point for the two follow-up sessions. In the posttest
session, each participant worked on six lists with 16 items each.
Encoding times were individually adjusted so that individuals in
all age groups would approximate a performance level of 50%
correctly recalled words. The time-relative criterion of correct
performance differed between practice (62.5% correct) and post-
test (50% correct) due to motivational aspects (higher during
practice) and considerations for special electroencephalography
(EEG) analysis at posttest (which are not reported in this article).
First follow-up session. The first follow-up session measured
spontaneous maintenance of the trained memory performance. For
each participant, the procedure was identical to the posttest assess-
ment in the original study. That is, participants worked on six lists
of 16 location-word pairs with the same encoding times as they
had been given in the posttest 11 months earlier. Participants were
instructed to recall as many words as possible, without reference to
any kind of strategy. The average time elapsing between the
posttest session and the first follow-up session did not differ
among age groups, F(3, 96)  0.11, p  .956, 2  .003.
Second follow-up session. The session started with a brief
introduction to the mnemonic memory technique. The instruction
was similar to the instruction given during the first of the two
instruction sessions of the original study. Special emphasis was
placed on the effectiveness of generating interactive associations
between location cues and the to-be-learned words. After instruc-
tion, each participant worked on six lists of 16 items, again with
the same individually adjusted encoding times. The average time
elapsing between the two follow-up sessions was 6 days and did
not differ between age groups, F(3, 96)  0.96, p  .417, 2 
.029.
Encoding and recall phases. During encoding, location cues
were presented visually (as writings) on the monitor, and the
to-be-learned words were presented auditorily over headphones.
First, the location cues were presented. Then the location cues
were replaced by a fixation cross, and the corresponding to-be-
learned words were presented. Participants worked with individu-
alized encoding times of the to-be-leaned words, which were
adjusted by an adaptive algorithm during the initial memory train-
ing study. Participants started the recall phase by pressing the
space bar. After the location cue was presented, a visual signal was
given for the participants to start responding. To minimize the
influence of individual differences in spelling ability on individual
differences in episodic memory performance, we asked the partic-
ipants to give their responses by entering only the first three letters
of the corresponding word and to correct their responses by using
the backspace key. The 16 words within each list always differed
in their first three letters, and a computer program was developed
that checked for letter replacements, deletions, or insertions. After
recall of each list, participants were given feedback about their
performance; for further details, see Brehmer et al. (2007).
Recall/time scores. Raw recall scores were influenced by en-
coding times, which differed across individuals and age groups but
were invariant within individuals across the three occasions of
primary interest in this report (i.e., posttraining session of the
original study and the two follow-up sessions). Therefore, raw
recall scores were not suitable for between-person and between-
age-group comparisons in levels of memory skill. To account for
group differences in the ranges of encoding times needed to
achieve a fixed accuracy level, we computed a recall/time score
that expressed recall performance (ci) relative to log encoding time
(et; see Equation 1; for further details, see Brehmer et al., 2007).
This recall/time score allows for between-person as well as be-
tween age group comparisons in the level of memory skill.
 i1n ciln1  et)
n
(1)
A-Priori Contrasts of Life Span Differences in the
Durability of Memory Plasticity
We defined three orthogonal a priori contrasts, in line with the
guiding hypotheses. The first contrast compared performance be-
tween the two groups of children, and the second contrast com-
pared groups of younger and older adults. The third comparison
contrasted the two groups of children with the two groups of adults
Table 2
Outline of Study Design
Study phase Description
Posttest session in original
study (Brehmer et al., 2007)
Final session of original study, which
included 8–10 sessions of
instruction and adaptive practice.
First follow-up session (average
time lag to posttest session of
original study was 11
months)
Assessment of memory performance
with individually adjusted
encoding times (identical for each
individual) to the encoding times
used in the posttest session of the
original study. No mnemonic
instruction given.
Second follow-up session
(average time lag to first
follow-up session was about
1 week)
Mnemonic instruction, followed by
assessment of memory perfor-
mance with individually adjusted
encoding times as in first follow-
up.
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to test whether maintenance of memory skill is greater in child-
hood than in adulthood. Post hoc analyses between children and
younger adults were performed when both the second and the third
contrast reached significance. For all analyses, the alpha level was
set to p .05, and effect sizes are reported as partial 2. Whenever
variance homogeneity assumptions were violated, Greenhouse–
Geisser and Huynh–Feldt adjustments were applied, with identical
results unless mentioned otherwise.
Results
Overview of Analyses
We analyzed life-span differences in spontaneous maintenance
and instruction-induced reactivation of skilled memory perfor-
mance by comparing the two follow-up sessions with the memory
performance achieved at the posttest of the original study 11
months earlier. Then, differences in memory performance across
lists within the two follow-up sessions were examined to obtain a
more detailed picture of maintenance effects.
Age differences in spontaneous maintenance and reactivation of
skilled memory recall. Younger adults, but also older adults,
maintained their levels of memory performance from the posttest
of the original study to the first follow-up session (see Figure 2).
Whereas younger adults did not show further improvement at the
second follow-up session, F(1, 22)  .001, p  .05, older adults
improved their performance after instruction-induced reactivation,
F(1, 26)  11.03, p  .05, 2  .29. As predicted, both younger
and older children improved their memory performance across the
11-month interval, F(1, 22)  11.73, p  .05, 2  .35; F(1,
26)  5.19, p  .05, 2  .17, respectively, and neither group of
children gained additionally from instruction-induced reactivation
in the second follow-up session, F(1, 22)  1.48, p  .05; F(1,
26)  .29, p  .05, respectively.
Comparisons across age groups yielded a significant main effect
of session, F(2, 192)  14.21, p  .5, 2  .13, reflecting
performance changes across the three sessions. Although the main
effect of age group was not interpretable with the raw numbers of
recalled items as the dependent variable, the interaction effect
between age group and session can be used to extract differences
in age-related changes across sessions. The overall interaction
effect was significant, F(6, 192)  3.49, p  .5, 2  .10. More
specifically, the a priori contrasts showed (a) that the two child
groups did not differ from each other in memory maintenance from
the original posttest, F(2, 192)  1.24, p  .05, in either the first
or the second follow-up session, (b) that younger and older adults
did not differ from each other in memory maintenance from the
original posttest to the first follow-up session, F(1, 96)  3.22,
p  .05, but in their performance gains following instruction-
induced reactivation (older adults profited more from instruction
than younger adults, F(1, 96)  7.28, p  .05, 2  .04), and (c)
that children improved their memory performance across the 11-
month time interval more than adults, F(1, 96)  8.58, p  .05,
2  .08, but that they did not differ from adults in terms of further
memory improvements in the second follow-up session, F(1,
96)  1.16, p  .05.
Age differences in within-session change of recall accuracy
across lists. To explore the reasons for the spontaneous perfor-
mance improvement in children from the posttest of the original
training study to the first follow-up session, we also analyzed age
differences in within-session list effects. In general, participants in
all age groups declined in performance over lists within a session,
probably as a result of proactive interference, attentional lapses, or
both. To test age differences in the amount of performance dec-
rements, we computed within-session trend scores by subtracting
the number of correctly recalled items of the current list from the
number of correctly recalled items in the immediately preceding
list and then summed the five difference scores for each session.
Higher values on this score indicate greater performance losses in
the course of a session. Two advantages of this trend score are (a)
that it is statistically unrelated to the mean and (b) that it does not
Figure 2. Average number of correctly recalled words as a function of session and age group. Recall
performance is plotted separately for each age group. The white bars represent performance (number of correctly
recalled words) in the posttest session of the original study (Brehmer et al., 2007), the gray bars represent
performance in the first follow-up session (i.e., without mnemonic reinstruction), and the black bars represent
the performance in the second follow-up session (i.e., after reinstruction in the mnemonic technique). Error bars
indicate standard errors of the mean.
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mandate a specific functional form of decline (e.g., linear, expo-
nential).
At the posttest of the original study, average within-session
trend scores were 5.09, 4.15, 2.78, and 3.11 for younger children,
older children, younger adults, and older adults, respectively. At
the first follow-up session, they were 2.17, 2.11, 2.47, and 2.63,
respectively. Scores did not differ across sessions in younger
adults, t(22)  .37, p  .05, or in older adults, t(26)  .60, p 
.05, but were significantly reduced in both younger children,
t(22)  3.7, p  .05, and older children, t(26)  2.58, p  .05. As
shown in Figure 3, performance levels in children were similar for
the posttest and the follow-up session for the first four lists but
differed considerably between the two sessions for the last two
lists.
Regarding the performance gradient of the children in both
sessions, we should note that the results do speak against an effect
of the stimulus material (e.g., that children were generally worse at
recalling new words than old words that they had seen before in
the posttest of the original study) because new words were already
presented in List 4, but the main increase in children’s perfor-
mance did not occur until Lists 5 and 6. Thus, this 4:2 split did not
follow the 3:3 split of lists with old versus new to-be-learned
words. Thus, children’s increase in memory performance over the
11-month time interval was primarily due to improved perfor-
mance on later lists within a session.
Age group differences in maintenance of memory skill. As
mentioned before, each participant worked with individually ad-
justed encoding times that were fixed across lists and across the
three sessions; therefore, the main effect of age group was not
interpretable using the raw numbers of recalled items as dependent
variable. To compare levels of memory performance across
groups, we followed the procedure described by Brehmer et al.
(2007) and computed recall performance over log encoding times
(recall/time scores). The analysis of the combined scores showed
that in addition to the main effects of measurement occasion, F(2,
192)  12.22, p  .5, 2  .11, and age group, F(3, 96)  40.66,
p  .5, 2  .56, the interaction between measurement occasion
and age group was also reliable, F(6, 192)  2.56, p  .5, 2 
.07.
For further illustration, Figure 1 displays the evolution of recall/
time scores, expressed in the pooled standard deviation units from
the initial session of the original study. Clearly, the levels of recall
performance attained and maintained by individuals in all age
groups greatly exceeded untrained levels of performance.
Figure 3. Number of correctly recalled words as a function of lists within sessions for (a) younger children and
(b) older children. The dashed line represents the posttest session in the original study, and the black line the first
session in the follow-up. The figure shows that children’s increase in memory performance over the 11-month
time interval was primarily due to improved performance on the two later lists within a session. Error bars
indicate standard errors of the mean.
233MEMORY SKILL MAINTENANCE ACROSS THE LIFE SPAN
Discussion
This study investigated life-span differences in the maintenance
of skilled memory performance. Individuals in all age groups
showed impressive levels of maintenance, given that there was
much room for performance decrements (see Figure 1). Age
groups differed in the extent to which they were able to profit from
earlier learning and to which they were dependent on external
context cues (renewed instruction). In accordance with findings of
several maintenance studies in cognitive aging (e.g., Anschutz et
al., 1987; Stigsdotter Neely & Ba¨ckman, 1993a, 1995), younger
and older adults maintained their formerly acquired levels of
skilled memory performance, showing a pattern of longitudinal
performance level stability. In contrast, children further increased
their performance levels in the absence of practice and showed a
pattern of longitudinal growth. Whereas younger adults showed
the largest recall gains in the original study, only children dis-
played the ability to improve performance without further practice
across an 11-month period. Thus, on average, children displayed a
form of long-term developmental plasticity that was absent in both
younger and older adults.
Improvement of Skilled Memory Performance in Children
As can be seen in Figure 3, children’s performance improve-
ments in the first follow-up session primarily reflected a reduction
in performance decline for the last two lists of a session. This
finding suggests that children’s memory improvements might in-
volve maturational changes in sustained attention, inhibitory pro-
cesses, or both (e.g., Adleman et al., 2002; Diamond & Kirkham,
2005; Huttenlocher, Levine, & Vevea, 1998; Munakata, Casey, &
Diamond, 2004; Williams et al., 1999). These changes in cognitive
resources may, in turn, allow for greater stability and consistency
in strategy use (Siegler, 2000). Thus, in the original study, proac-
tive interference may have prevented children from exploiting the
benefits of the mnemonic strategy to the same degree as in the
follow-up session.
The Spot-a-Word and Digit Symbol Substitution tests both were
administered during the original study and at follow-up. Hence, we
explored whether changes in recall performance from Posttest 1 to
follow-up within each of the four age groups correlated with
changes in performance on these two tests. We observed a statis-
tically reliable correlation between changes in Spot-a-Word and
changes in recall performance in younger children, r  .49, p 
.05. None of the other correlations was statistically reliable. The
correlations observed in younger children were significantly dif-
ferent from the corresponding correlations observed in older chil-
dren, r  .03, younger adults, r  .23, and older adults, r 
.04; for all comparisons, p  .05. Note that younger children
showed reliable mean improvement in Spot-a-Word performance
during the 11-month period between the original study and the
follow-up, whereas the other groups remained stable. Thus, despite
our attempts to come up with verbal materials that were equally
familiar to participants of all ages, age-associated increments in
verbal knowledge may have contributed to the performance gains
observed in the younger children.
The present findings are reminiscent of the notion of a “sleeper”
effect, introduced into the developmental intervention literature
about 30 years ago (P. B. Baltes, personal communication, May,
2005; Clarke & Clarke, 1981). The sleeper effect refers to a
situation in which behavioral characteristics of the individual have
consequences that are delayed. In the present case, the combina-
tion of prior learning and maturational changes led to skill im-
provements among children that only became apparent after the
original learning environment was reinstalled.
Reactivation of Skill in Older Adults
Older adults improved their performance from the first to the
second follow-up session (cf. Ball et al., 2002; Derwinger et al.,
2005; Stigsdotter Neely & Ba¨ckman, 1993a, 1993b, 1995). They
were the only age group that showed performance improvements
due to renewed instruction. This finding is consistent with consid-
erations about the role of contextual support in cognitive aging
(e.g., Craik, 1983), about age deficits in context processing (e.g.,
Braver et al., 2001) and with the production deficit hypothesis
suggested by Nyberg (2005). In line with the production deficit
hypothesis, it seems that older adults do not spontaneously engage
in the previously acquired and trained mnemonic strategy or that
they do not apply the strategy efficiently (Kausler, 1994; Verhae-
ghen & Marcoen, 1996). However, this deficit can be overcome by
eliciting the strategy again through instruction. However, the over-
all lower episodic memory plasticity of older adults cannot be
explained by production or utilization deficiencies at encoding
alone but is probably also related to age-related differences in
consolidation and retrieval processes (Dunlosky & Hertzog, 1998;
Dunlosky, Hertzog, & Powell-Moman, 2005; Naveh-Benjamin,
Brav, & Levy, 2007).
In general, older adults were able to maintain their performance
gains across the 11-month time interval. It should be noted, how-
ever, that the present sample of older adults was positively selected
relative to the general population (see Brehmer et al., 2007). Thus,
we do not know whether the ability to maintain performance gains
over time can be generalized to older adults with lower memory
abilities.
Implications for Research on Episodic Memory
Components
At first glance, the inverted U-shaped life-span function of
episodic memory efficacy seems to suggest that the mechanisms
underlying changes in episodic memory performance during child-
hood and old age are similar. However, life-span studies on epi-
sodic memory plasticity support the proposition that these behav-
ioral surface similarities may rely on interrelated but separable
mechanisms that follow different life-span trajectories (Brehmer et
al., 2007; Shing, Werkle-Bergner, Li, & Lindenberger, in press a;
Shing, Werkle-Bergner, Li, & Lindenberger, in press b). Specifi-
cally, a recent approach to life-span changes in episodic memory
distinguishes between strategic and associative components of
episodic memory (Shing et al., in press b; Werkle-Bergner et al.,
2006; cf. Moscovitch, 1992). The strategic component refers to
selection, organization, evaluation, and elaboration processes of
episodic features during encoding and retrieval. The associative
component reflects binding mechanisms (i.e., formation of asso-
ciative connections) between different features of a memory item,
memory items, or a memory episode and its context (e.g., Naveh-
Benjamin, 2000) that are active during encoding, consolidation,
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and retrieval. It is assumed that both components depend on
different but interrelated neurofunctional circuitries (e.g., Mosco-
vitch, 1992). The strategic component seems to depend mainly on
the prefrontal cortex, while the associative component is consid-
ered to depend mostly on the mediotemporal cortex.
Because the strategic and the associative components of epi-
sodic memory closely interact in episodic memory formation and
retrieval (Miller & Cohen, 2001; Stuss & Alexander, 2005), it is
difficult to dissociate them experimentally. Life-span studies are
particularly valuable in separating these two components because
they are assumed to follow different life-span trajectories. The
investigation of these two different ontogenetic paths may help
researchers to estimate the relative contributions of strategic and
associative processes to episodic memory performance (Shing et
al., in press b). Recent work in child development and aging
research suggests that in middle childhood, the associative com-
ponent is fully functional while the strategic component is still
under development (e.g., Sluzenski, Newcombe, and Kovacs,
2006). However, in older adults, the efficiency of both components
declines (e.g., Chalfonte & Johnson, 1996; Dunlosky et al., 2005;
Naveh-Benjamin, 2000). The results of the original training study
by Brehmer et al. (2007) were in line with these suggestions,
showing that children and older adults gained a similar amount of
memory improvement from mnemonic instruction (relatively
higher impact of the strategic component compared with the as-
sociative component), whereas children showed greater improve-
ment from the postinstruction to the posttraining session, which
suggests greater plasticity in the associative component (see also
Shing et al., in press b).
In the present study, the spontaneous skill maintenance of indi-
viduals was measured in the 11-month follow-up sessions. Indi-
viduals worked under high task demands that were identical in
terms of task difficulty to those in the posttest 11 months earlier,
with no explicit reference to any kind of mnemonic strategies.
Therefore, in this session, the demands of an effective interaction
between the strategic and the associative components were partic-
ularly high to maintain the skill levels at posttest that were ac-
quired 11 months ago. It is interesting that children not only
maintained but also improved their memory performance across
the 11-month interval. They showed the highest performance po-
tential in comparison to older adults as well as younger adults. This
spontaneous improvement is probably related to the further mat-
uration of the relevant functional brain circuitries of episodic
memory (e.g., the prefrontal cortex and the mediotemporal region),
supporting the strategic component of episodic memory.
Limitations of the Present Study
In interpreting the results of the present study, one should keep
two major limitations in mind. First, in an attempt to secure the
validity of the age comparison, we positively selected the present
study sample across all age segments (see Brehmer et al., 2007).
Thus, the degrees of maintenance reported here may not generalize
to unbiased population samples. Second, only one specific form of
memory performance was tested, with no attempts to assess near
and far transfer of the skill to other aspects of episodic memory
performance. In the adult developmental literature on memory
training, such transfer effects, which would point to more profound
changes at the level of abilities rather than at the level of specific
skills, have not been observed so far (for a summary, see Baltes,
Lindenberger, et al., 2006). It remains to be seen whether transfer
effects, including their long-term maintenance, also differ between
children and adults, reflecting qualitative differences in plasticity.
We would expect that long-term transfer to other skills within the
same ability domain is more likely in children than in adults,
reflecting superior plasticity of cortical processing circuits (cf.
Hensch, 2005).
One other issue is that our study design did not include a control
group without reactivation or a control group for ruling out test–
retest effects. To include individuals who participated in the sec-
ond follow-up session without prior renewed mnemonic instruc-
tion (no-reactivation control group) would have especially aided in
the interpretations of the results obtained for older adults because
they reliably improved performance from the first to the second
maintenance session. We cannot specify the kind of environmental
support (additional practice or reactivation of a formerly instructed
and well-trained mnemonic skill) that allowed older adults to show
this improvement. Regarding test–retest effects, one has to note
that in the context of examining the maintenance of skilled mem-
ory performance, the individuals’ follow-up performance was
compared with their posttest performance in the original training
study, not their initial baseline performance. Given that the per-
formance gains of the original memory training study were enor-
mous, the observed effects strongly exceeded any expected retest
effects (see Figure 1). A control group would be of most interest
in the children’s groups because of their spontaneous performance
improvements at the follow-up. Although there was no direct
control group for the older children, their baseline and postinstruc-
tion performance in the original training study can serve as indirect
control group for the younger children at follow-up assessment.
The results clearly show that younger children maintained their
formerly acquired and well-trained memory skill and exhibited
much higher performance than older children at baseline or postin-
struction in the original study (see Figure 1). Thus, the intensive
adaptive training allowed all individuals to evolve their latent
potential and to make use of it even after an 11-month time
interval.
Outlook
The present study provides, for the first time, direct evidence of
differences in the maintenance of episodic memory plasticity be-
tween children and adults. Life-span differences in maintenance
skill point to interactive and dynamic relations among maturation,
learning, and senescence (Lindenberger, Li, & Ba¨ckman, 2006).
Children’s longitudinal improvements in memory skill suggest that
the implementation of an effective meta-cognitive strategy ac-
quired earlier in life may have positive cascading effects on later
development. Older adults’ ability to maintain levels of perfor-
mance attained 11 months ago confirms that the neuronal machin-
ery required for the acquisition and maintenance of skilled mem-
ory performance is well preserved among cognitively healthy older
adults. Future longitudinal life-span comparisons of behavioral
plasticity should include a larger range of cognitive measures and
neuronal evaluation tools such as EEG or magnetoencephalogra-
phy (MEG), magnetic resonance imaging (MRI), and functional
MRI (fMRI) to assess the generality and the neuronal mechanisms
of life-span differences in skill maintenance.
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